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Abstract 
A novel High Temperature Superconductor Linear Induction Motor (HTS LIM) is researched in this paper. Since the critical 
current and the electromagnetic force of the motor are determined mainly by the primary slot leakage flux, the main magnetic flux 
and eddy current respectively, in order to research the influence of structural parameters and operating parameters on 
electromagnetic properties of HTS LIM, the motor was analyzed by 2D transient Finite Element Method (FEM). The properties of 
the motor, such as the maximum slot leakage flux density, motor thrust, motor vertical force and critical current are analyzed with 
different structural parameters and operating parameters. In addition, an experimental investigation was carried out on prototype 
HTS motor. Electrical parameters were deduced from these tests and also compared with the analysis results from FEM. AC losses 
of one HTS coil in the motor were measured and AC losses of all HTS coils in HTS LIM were estimated. The results in this paper 
could provide reference for the design and research on the HTS LIM. 
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1. Introduction 
As a new type of urban transit medium, the linear induction motor (LIM) system offers an array of advanced new 
characteristics and capabilities. The advantages are shown in route planning, as LIM trains can easily negotiate steep 
slopes and sharp curves, leading to the construction costs reduced by smaller route clearances and tunnel cross 
sections [1]. However, due to the air gap of LIM being much greater than that of a rotating motor, LIM with 
conventional copper windings have some obvious limitations such as heavy energy consumption and low efficiency. 
Due to those inherent defects, the wide spread is restricted in the wheel/rail transit system. As the development of 
superconductor tapes, the actual existing problems may be improved by the application of Bi-2223/Ag HTS coil to 
primary windings of LIM. It is possible to replace copper windings with HTS windings in order to eliminate copper 
loss in primary windings. Until now there has been some research in the world into HTS LIM [2-9]. 
A 3.5 kW  class HTS LIM was presented in this study. The properties of the motor are analyzed with different 
structural parameters and operating parameters. The electromagnetic force is measured and compared with the analysis 
results from FEM. AC losses of one HTS coil are measured and AC losses of all HTS coils in HTS LIM are estimated. 
This study is focused on the method for the improvement of critical current and properties of the motor. 
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2.  Electromagnetic Theory of HTSLIM 
According to the principle of Lorentz forceˈthe thrust force Fx and the vertical repulsive force Fy1 can be induced 
by the interaction between the current density of the secondary plate and the conjugate component of magnetic flux 
density (in Eq. (1-2)) [10]. The vertical attractive force Fy2 can also be calculated from Equations (3-4) [11-13]. HTS 
LIM vertical force Fy is the sum of Fy1 and Fy2.  
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where eJ , xB , yB , mI , mL , lrL , rR , l are the current density, magnetic field in the horizontal direction, magnetic 
field in the vertical direction, the main flux of motor, the magnetizing inductance, the leakage inductance, the 
resistance of secondary plate,  and the motor length respectively. 
The developed HTS LIM is composed of Bi-2223/Ag HTS coils cooled by liquid nitrogen. Fig.1 shows a schematic 
diagram of HTS LIM, of which the major specifications are summarized in Table 1. Fig.2 shows the cross-section of 
the motor, where HTS primary coils consist of 12 double-pancakes with racetrack shapes. The primary coils are 
arranged in 26 slots made of silicon steel. The primary section of HTS LIM, including the core and the coils, is placed 
in the cryostat filled with liquid nitrogen. Fig.3 shows the relationship between critical current and background 
magnetic field of HTS tape. The perpendicular field has a greater influence on critical current. The parallel field can be 
ignored when HTS motor is designed. 
Table 1 Main design parameters of HTS LIM 
Rating Power: 3.5kW Pole pitch: Ĳ 0.1266(m) 
Number of phases: m 3 Air gap: G  0.009(m) 
Turns of primary windings: w 254 Thickness of secondary conductor: ¨ 0.003 (m) 
Number of primary slots: Q1 26 Thickness of secondary back iron: hb 0.008(m) 
Slot width: bs 0.034(m) Slot height: hs 0.0408(m) 
          
                     
 
 
 
 
 
 
 
 
3. FEM analysis of HTSLIM 
By using ANSOFT Software, the performance of HTSLIM is well analyzed. The final optimal design parameters of 
the model are summarized in Table 1. Fig. 4(a) shows the relationship between thrust force and slip. The thrust force 
will be decreased with the electromagnetic air gap mg . Fig. 4(b) shows the relationship between vertical force and slip. 
The vertical force will be decreased with mg . It is different from the thrust force that the vertical force will be greater 
with the increase of motor speed. mg  is the sum of the thickness of the Dewar hd, the mechanical air gap G and the 
thickness of secondary aluminium plate '  ( 10mmG  and 3mm'  ). In order to decrease mg , Dewar must be thin. 
The designed minimum of hd is about 9mm so that the designed minimum value of mg  is 21mm.  
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Fig. 1 Schematic diagram of HTS LIM; Figure 2 Cross-section of HTS LIM Figure 3 Critical current vs. the magnetic 
flux density of Bi-2223/Ag 
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The electromagnetic force will not be significantly influenced by different slot heights [14]. Therefore, the 
relationship between the electromagnetic force and the slot width is researched. Fig. 5(a) and Fig. 5(b) show thrust 
force and vertical force decrease with the slot width bs. When the slot width bs  is increased from 47.2mm  to 72.2mm, 
the relationship between electromagnetic force and slip is as shown in Fig. 5. Fig. 5(a) shows the greatest difference of 
thrust force is generated at the starting time of the motor and is about 385N. The thrust force difference will be smaller 
with the increase of the motor speed. Fig. 5(b) shows the greatest difference of vertical force is generated at s=0.5 and 
is about 1084N. The vertical force difference will decrease with the motor speed when slip is greater than 0.5.  
 
 
 
 
 
 
  
 
 
  
The slot leakage flux density, ĵB max is almost the perpendicular field. In order to increase critical current, ĵB max 
must be reduced as much as possible. Fig. 6 shows a three-dimensional waveform of ĵB max with different slot heights 
hs. Fig. 6 and Fig.7 show ĵB max will be reduced from 0.22 T to 0.184 T and the critical current will be increased from 
20A to 26.7A when the slot height hs is increased from 32mm to 82mm. If the slot height is more than 62mm, the 
critical current is almost the same. A slot height such as 62 mm is called as a critical slot height.  
Fig.8 and Fig. 9 shows ĵB max will be reduced from 0.165T to 0.117T and the critical current will be increased from 
24.1A to 29.4A when the slot width bs is increased from 47.2 mm to 72.2mm. If the slot height is more than 72.2mm, 
the critical current is almost the same. A slot width such as 72.2mm is called as a critical slot width. Therefore, the 
critical current of the motor can be increased by using critical slot height and critical slot width. 
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4. Comparison with test results 
In order to design HTS LIM, a prototype motor with copper coils was designed and measured [14]. The simulation 
results of FEM FMx were obtained with the same conditions as the experiments and the stimulated thrust FMx is about 
1.3 times greater than thrust force Fx in the experiments. Simulation thrust correction factor kFx can be calculated by 
kFx= Fx/ FMx and kFx is about 0.77[14]. kFx is applied in the design of a 3.5KW HTS LIM. A design target value of Fx of 
HTS LIM is 1100N. 
Fig.10 shows a 3.5KW HTS LIM with HTS coils in the test bed. Fig.11 shows HTS LIM internal structure. This 
HTS LIM is tested coupled to one load linear induction motor as shown in Fig. 10. The peak of current is 18A and the 
frequency of current is 3Hz (shown in Fig. 12). Fig.13 shows the simulation results of FEM FMx =1100N and Fig. 14 
shows experimental result of the starting maximum thrust xF is 1000N. Fig.12 and Fig. 14 show that experimental 
result of the motor thrust is about 820N when the frequency is stable. Measurement results show that the actual target 
thrust, 1100N is achieved basically. Fxk  is important and useful for correcting the simulation results. 
The experimental establishment of AC losses is shown in Reference [15]. Fig. 15 describes the experimental 
results of AC losses of the HTS coil in different frequencies. It is clearly shown that when the transport current is 
equal, AC loss will gradually increase when the frequency is increased from 10.25Hz to 107.5Hz. When current is 
20A and the frequency of current is 10.25HzˈAC losses of HTS coil are 74.2 10 / /J m cycleu . Total AC losses of 12 
HTS coils are about 0.0128J within 1 second and could consume about 0.128W of cooling power. Compared with the 
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Fig.4 Electromagnetic force vs. slip with different the gap (a) shows 
thrust force Fx  vs. the slip. (b) shows vertical force Fy  vs. the slip. 
Fig.5 Electromagnetic force vs. slip with different the slot width   
(a) shows thrust force Fx  vs. slip. (b) shows vertical force Fy  vs. slip. 
 
Fig.6  3D transient waveform of  
ĵB max with different slot height 
Fig.9 Critical current changing with 
different slot width 
Fig.7 Critical current changing with 
different slot height 
Fig.8 3D transient waveform of 
ĵB max with different slot width 
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total losses, 0.128W of cooling power is too small and can be ignored. Because the copper loss of motor with copper 
coils is about 17% of the total losses, if HTS coils are applied in the motor, the total losses of motor can be reduced by 
about 15-17% so that motor efficiency can be improved evidently. 
 
 
 
 
 
 
 
 
 
5. Conclusions 
The electromagnetic force of HTS LIM will be greater with the decrease of the gaps. The thrust force will be 
influenced by different slot widths and the greatest difference of thrust force is generated at the starting time of the 
motor. The critical current of HTS LIM is influenced by slot width and slot height and increases with slot width and 
slot height. Through the experimental results, the simulated thrust force can be corrected to design a new motor and 
the design targets of HTS LIM are achieved. AC losses of HTS coils are investigated and total AC losses of all HTS 
coils in HTS LIM are estimated. Motor efficiency can be improved by using superconducting motor instead of 
conventional motor. 
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